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ABSTRACT
We present the results of a computational study to investigate the infrared spectroscopic properties
of a large number of polycyclic aromatic hydrocarbon (PAH) molecules and their fully dehydrogenated
counterparts. We constructed a database of fully optimized geometries for PAHs that is complete for
eight or fewer fused benzene rings, thus containing 1550 PAHs and 805 fully dehydrogenated aromatics.
A large fraction of the species in our database have clearly non-planar or curved geometries. For each
species, we determined the frequencies and intensities of their normal modes using density functional
theory calculations. Whereas most PAH spectra are fairly similar, the spectra of fully dehydrogenated
aromatics are much more diverse. Nevertheless, these fully dehydrogenated species show characteristic
emission features at 5.2µm, 5.5µm and 10.6µm; at longer wavelengths, there is a forest of emission
features in the 16–30µm range that appears as a structured continuum, but with a clear peak centered
around 19µm. We searched for these features in Spitzer-IRS spectra of various positions in the
reflection nebula NGC 7023. We find a weak emission feature at 10.68µm in all positions except that
closest to the central star. We also find evidence for a weak 19µm feature at all positions that is
not likely due to C60. We interpret these features as tentative evidence for the presence of a small
population of fully dehydrogenated PAHs, and discuss our results in the framework of PAH photolysis
and the formation of fullerenes.
Subject headings: astrochemistry – infrared:ISM – ISM:lines and bands – ISM:molecules – meth-
ods:numerical – molecular data
1. INTRODUCTION
The infrared (IR) spectra of almost all astronomical
objects, ranging from young stellar objects to planetary
nebulae, and from galactic nuclei to the general ISM of
galaxies, are dominated by prominent emission bands
at 3.3, 6.2, 7.7, 8.6, 11.2, 12.7, and 16.4 µm, as well
as weaker features at 3.4, 3.5, 5.25, 5.75, 6.0, 6.9, 7.5,
10.5, 11.0, 13.5, 14.2, 17.4, and 18.9µm. It has long been
suggested (e.g. Leger & Puget 1984; Allamandola et al.
1985) that these bands are caused by the combined emis-
sion of a population of polycyclic aromatic hydrocarbon
molecules (PAHs) with sizes of typically 50 C atoms. It
is now generally accepted that this is indeed the case,
and that PAHs lock up some 10–20% of the cosmic car-
bon (see e.g. Tielens 2008; Peeters 2014)5. Absorption of
a single UV photon through an electronic transition, fol-
lowed by internal energy redistribution, leaves PAHs in
highly excited vibrational states. They then cool by flu-
orescence, emitting IR photons at the frequencies corre-
sponding to these vibrational modes (Allamandola et al.
1989; Bakes & Tielens 1994; Bakes et al. 2001a,b). Since
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some vibrational modes (in particular stretching or bend-
ing of C-C and C-H bonds) are common to most PAHs
and also occur at similar frequencies, a population of
PAHs will emit very strongly at those common frequen-
cies. As a consequence, the observed emission bands are
overall fairly similar in appearance in different lines of
sight, and these IR PAH bands (from now on simply re-
ferred to as the IR bands) can thus not be used to identify
individual PAH species.
However, there are clear (albeit sometimes subtle) vari-
ations in the precise peak positions, line profiles and band
intensity ratios of the IR bands in different astronomical
sources or even spatially within extended sources. From
a comparison to laboratory spectra and theoretical cal-
culations, these variations can be understood as changes
in the properties of the underlying PAH population such
as charge state, precise chemical make-up or size (Peeters
et al. 2002; Hony et al. 2001; van Diedenhoven et al. 2004;
Hudgins et al. 2005; Cami 2011).
A full understanding of these variations and the further
development of quantitative diagnostic tools depends on
the availability of spectral properties for large subsets of
PAH species. Experimentally obtained and theoretically
calculated spectra of hundreds of PAH species have be-
come more available in recent years (see e.g. the NASA
Ames PAH database; Bauschlicher et al. 2010a; Boersma
et al. 2014). Model fits using such collections of PAH
spectral properties with calculated fluorescence spectra
can reproduce the observed emission and their varia-
tions remarkably well (e.g. Allamandola et al. 1999; Cami
2011; Boersma et al. 2014). However, these databases are
still highly biased and incomplete, and it is not immedi-
ately clear whether all astrophysically relevant subclasses
are included.
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PAHs share many properties with another class of large
aromatic species that was only recently detected in space.
Cami et al. (2010) detected several emission bands (most
notably at 7.0, 8.5, 17.4 and 18.9µm) in the infrared spec-
trum of the peculiar planetary nebula Tc 1 and iden-
tified them with the vibrational modes of the fullerene
species C60 and C70. The characteristic C60 bands (espe-
cially the 17.4 and 18.9µm bands) have since been found
in many objects, including several evolved stars (in our
Milky Way galaxy as well as in the Magellanic Clouds;
see e.g. Garc´ıa-Herna´ndez et al. 2010, 2011a,b; Gielen
et al. 2011; Zhang & Kwok 2011; Otsuka et al. 2013b,a)
but also interstellar environments (Sellgren et al. 2010;
Rubin et al. 2011; Peeters et al. 2012; Boersma et al.
2012) and young stellar objects (YSOs, Roberts et al.
2012). Of particular interest here is the spectrum of the
Reflection Nebula (RN) NGC 7023. Sellgren et al. (2007)
first suggested C60 as a possible carrier for the band at
18.9µm in this source; they later searched and detected
also the 7.0µm band (Sellgren et al. 2010). Further-
more, near the central star, Berne´ et al. (2013) found
several weak bands that are coincident with the vibra-
tional modes of C+60.
One important aspect about cosmic fullerenes that
is not understood yet is their precise formation route.
Laboratory experiments have shown that fullerenes can
self-assemble from a hot carbon vapour in a bottom-
up process (Kroto et al. 1985; Ja¨ger et al. 2009; Dunk
et al. 2012, 2013). However, densities and temperatures
in the circumstellar environments where fullerenes have
been detected are generally too low for such a bottom-
up route to complete in reasonable timescales. But
other routes may exist as well. Chuvilin et al. (2010)
showed that a graphene sheet rolls up and forms C60
molecules after losing an edge carbon atom. Based on
these results, Berne´ & Tielens (2012) suggested that in
space, similar processes may convert large PAHs into
fullerenes. They argue that UV irradiation first results
in fully dehydrogenated PAHs (which we refer to here
as dPAHs6) and subsequently causes carbon loss which
results in the formation of a pentagonal ring that in-
duces curving up of the structure. Through isomeriza-
tion the dPAH then rearranges to finally arrive at the
very stable fullerene configuration on very short time-
scales. While such a formation route could be at play
in RNe such as NGC 7023 where large PAHs could be
abundantly available as starting materials, it is probably
not the dominant route in PNe where we see fullerenes
exclusively in the low-excitation objects (Otsuka et al.
2013a; Cami 2013; Sloan et al. 2014). In those environ-
ments, fullerenes could maybe form through aggregation
and closed network growth (Dunk et al. 2012) from car-
bon clusters such as small dPAHs (Cami 2013). Alterna-
tive photoprocessing routes starting from Hydrogenated
Amorphous Carbon (HAC) grains have been proposed
as well (Garc´ıa-Herna´ndez et al. 2010; Micelotta et al.
2012).
In either of the two formation routes starting from
6 Even though fully dehydrogenated PAHs are technically speak-
ing no longer considered a hydrocarbon, we still refer to these neu-
tral dehydrogenated PAHs as dPAHs since they originate from the
act of dehydrogenating PAHs in our exercise. Alternatives could
be PAdHs, PACs or graphene-like molecules.
PAHs, dPAHs are a clear intermediate step. Detecting
the clear signatures of these dPAHs could thus further
elucidate some of the pathways toward the processing
and evolution of interstellar PAHs and the possible for-
mation of fullerenes. However, as of yet, only a handful
of individual dPAH species have been studied in great
detail (see e.g Bauschlicher & Ricca 2013), and it is thus
not clear what (if any) could be a clear detection signa-
ture for the family of dPAHs as a whole. Consequently,
it is not clear whether dPAHs are a component of the
interstellar aromatic molecular species.
Here, we aim to characterize the changes in the infrared
spectra of PAHs as they become fully dehydrogenated.
To do this, we produced a comprehensive database of
the structure and vibrational modes of PAH and dPAH
species containing eight or fewer benzenoid rings. We
used this database to study the spectral differences be-
tween PAHs and dPAHs, and to describe characteristic
spectral features that could be indicative of the pres-
ence of dPAHs. Finally, we studied the Spitzer-IRS spec-
tra of NGC 7023 at several positions between the PAH-
dominated areas and the fullerene-rich zone to evaluate
whether dPAHs could be present.
We present in § 2 the computational methods used to
build the database. We present an overview of the re-
sulting PAH and dPAH molecular structures in § 3 and
the spectral analysis and characterization in § 4. Finally,
the comparison between our calculated spectra and ob-
servations of NGC 7023 is presented in § 5.
2. COMPUTATIONAL METHODS
The goal of this work is to produce an unbiased
database of the IR spectra of small PAHs and their de-
hydrogenated counterparts in order to characterize the
changes to the spectra upon dehydrogenation. It was
for this reason that we decided to produce a complete
database of ever single possible PAH and correspond-
ing dPAH species up to a given number of benzenoids.
Other papers have looked at the effect on an IR spec-
trum of a PAH after removing all hydrogens, such as in
Bauschlicher & Ricca (2013), but these only looked at a
handful of species at a time. By studying a large and
complete database of species, we can make better pre-
dictions of the dPAH family as a whole, and especially
so for the subset of smaller dPAHs.
2.1. Enumerating PAH geometries
We used a recursive method to determine all possible
PAH geometries. To produce all PAHs/dPAHs with h
benzenoid members we add an additional benzenoid ring
to each open edge of all species with h − 1 benzenoids.
Starting with a benzene seed we iterate this process up
to species where h equals eight. To simplify the proce-
dure each benzene ring is treated as a hexagon so that
the problem becomes producing all possible simple poly-
hexes. The connectivity between each open face of each
hexagon is then easily mapped by arranging them in a
grid. After all h membered polyhexes are found a proce-
dure then converts the vertexes of each hexagon to the
coordinates representing the position of carbon atoms,
adopting a C-C bond length at this point of 1.4A˚.
This method however produces duplicate species. To
remove these duplicates each of the carbon skeletons
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Fig. 1.— An illustration of our method to enumerate hexagons,
and of the duplicates that arise when considering structures with
a different number of hexagons. Shown in red on the left is a
structure obtained by using 6 hexagons; on the right is a structure
obtained using 7 hexagons. When considering only the vertices (i.e.
the location of the carbon atoms), both structures are of course the
same - the structure of coronene. Such issues arise starting from 5
benzenoid rings.
TABLE 1
Number of PAH species with a number of benzenoid rings
equal to h
h Dualist graph polyhexes PAHs this paper
2 1 1
3 3 3
4 7 7
5 22 21
6 81 75
7 331 286
8 1436 1157
9 6510 4886
10 30129 20890
needs to be compared to the others with the same number
of C atoms. We therefore calculated the moment of iner-
tia tensor of each carbon skeleton, and used the resulting
eigenvectors to produce a rotation matrix that rotates
the species to lie along its principal axes. This causes
each duplicate species to be rotated into the same orien-
tation after which each coordinate of each carbon atom
can be compared. It should be noted that reflections
across axes also need to be compared as this method of
rotating to the principal axes is ambiguous when it comes
to direction of positive and negative directions. More-
over, if the moment of inertia is equal between two axes,
we have to take axis interchangeability into account. Af-
ter all duplicates are removed this method can be re-
peated using the outputted unique polyhexes as input
for the next iteration.
Some ambiguity occurs though when h is equal to or
greater than five, and is best illustrated by the situation
depicted in Fig. 1. The two structures depicted in that
figure are obtained for h = 6 and h = 7 respectively.
However, since we are concerned with the hexagon ver-
tices here (which correspond to the positions of the C
atoms) and not the hexagon faces, both structures are
identical for our purposes, and the h = 6 structure re-
ally corresponds to 7 benzenoid rings. More generally, for
h ≥ 5, our method produces species out of h rings that we
actually consider to be h+1 membered rings; for h ≥ 7 we
get species with h+ 2 membered rings etcetera. Once all
initial polyhexes are made the program then goes back
and compares all species for uniqueness once again to
check for duplicates across differing h numbers. For the
TABLE 2
Ground state spin state of PAHs and dPAHs
Spin state % of total PAHs % of total dPAHs
Singlet 54 27
Doublet 43 0
Triplet 3 37
Quadruplet 0 0
Quintet 0 28
Sextet 0 0
Septet 0 7
Octet 0 0
Nonet 0 1
sake of classifying these structures, the final number of
benzenoid rings needs to be recounted. We assigned each
duplicate species to the class corresponding to the high-
est number of benzenoids counted – e.g. h = 7 for the
example of coronene shown above.
We calculated all possible unique PAH structures for
h ≤ 10 (see Table 1). It should be noted that the problem
of enumerating all possible arrangements of a given num-
ber of adjoining hexagons has been investigated in math-
ematics using a method called the dualist tree (see e.g.
Nikolic´ et al. 1990). However, the dualist tree method
counts the faces of hexagons and not the vertices. Thus,
what we consider to be duplicate PAH across differing h
iterations are actually considered unique in the dualist
tree method (see e.g. the coronene example in Fig. 1).
Therefore the dualist tree method only sets an upper
bound on the number of possible PAH structures for a
given number of benzenoid rings, and thus the number of
possible structures found in this paper are lower than the
numbers predicted by the dualist tree method (Nikolic´
et al. 1990).
The polyhexes obtained in this way correspond to the
initial geometries for the dPAHs. However, we will also
need the geometries for the regular hydrogenated PAHs,
i.e. we need to also determine the position of the H
atoms. For our starting geometries, we used a simple
computational technique that accurately places each hy-
drogen. Starting with the center of each hexagon the
hydrogen atoms are placed radially out past each carbon
atom. However, if a hydrogen atom ends up too close to
a carbon atom as a result of this operation (such as in
the body of a PAH), it is removed from the structure.
This then results in the initial geometries for the regular
PAHs.
2.2. Calculating spectral properties
We then computed the spectral properties of the
PAHs and dPAHs using density functional theory (DFT).
For all species, we used the Becke three-parameter,
Lee-Yang-Parr (B3LYP) exchange-correlation functional
(Becke 1993; Lee et al. 1988; Stephens et al. 1994) to-
gether with the 4-31G basis set (Frisch et al. 1984).
The reliability of the B3LYP/4-31G approach has been
considered several times previously in regards to PAHs.
The average absolute and maximum errors in the scaled
B3LYP/4-31G frequencies of naphthalene compared with
experiment are 4.2 and 12.5 cm−1, respectively; these are
to be compared with 2.8 and 8.1 cm−1 for the very large
cc-pVQZ basis set (Bauschlicher & Ricca 2010b). If the
generalized gradient approximation is used instead of the
hybrid B3LYP functional, the errors increase. A compar-
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ison of the computed and experimental frequencies for 13
PAHS ranging in size from C22H12 to C50H22 again sup-
ported the use of the B3LYP/4-31G approach (Boersma
et al. 2010). The scaled B3LYP/4-31G, B3LYP/6-31G*,
BP86/4-31G, and BP86/6-31G harmonic frequencies for
C60 are in good mutual agreement and in good agreement
with the 4 IR and 10 Raman bands from experiment
(Bauschlicher 2014); the average absolute error for these
four levels are 7.8, 4.2, 10.0, and 8.5 cm−1, respectively,
while the maximum errors are 18.3, 12.9, 27.1, and 21.6
cm−1. This approach was also used for the majority of
spectra in the NASA Ames PAH database Bauschlicher
et al. (2010a); Boersma et al. (2014), and yields results
that are accurate enough for our purposes, while not be-
ing too computationally expensive. All calculations were
carried out using the software suite Gaussian 09 (Frisch
et al. 2009).
We first formatted the atom coordinates of each PAH
and dPAH for input into Gaussian 09. For each species,
we then fully optimized the geometry, and subsequently
calculated the harmonic vibrational frequencies. It has
been shown that spin state can have an affect on line po-
sitions and intensities attributed to solo site electron pair
interactions, and that the lowest spin state for dPAHs is
not necessarily the ground state (Bauschlicher & Ricca
2013). Therefore, we also explored higher spin states for
each PAH and dPAH molecule; due to the large number
of species in our database however, we could only carry
out the most basic test. Each species thus had its spin
state increased; if this lowered the total energy (including
the zero-point energy), we increased the spin state again
until the spin state was found with the lowest energy.
This was than taken as the ground state configuration.
If a transition state was found it was disregarded, even
though it is possible that geometry changes with higher
spin states could result in lower energy. This had general
affect of weakening the intensities of the bands between 5
and 15µm by half relative to the intensities of the bands
between 15 and 30µm. No significant shifts in peak po-
sitions were observed. Table 2 summarizes the ground
state spin states found for the PAHs and dPAHs. Note
that neutral dPAHs always have an even number of elec-
trons.
Although we calculated the initial structures for h ≤
10, we only calculated the spectra for all PAHs and
dPAHs for h ≤ 8 due to computational limitations. One
aspect that could not be fully automated was the process
of producing optimized geometries, since any deviations
from planarity (e.g. the repulsion due to two H atoms in
close proximity) needed to be manually addressed. More-
over, when these deformations occur in multiple places
on one particular species, an intuitive call about the sta-
bility of a particular stereochemistry has to be made.
Stability issues also lowered the number of correspond-
ing dPAHs. We found that a PAH containing a linear
chain of three or more benzenoids generally caused the
structure of the corresponding dPAH to “explode” (see
e.g. Fig. 2 for an example). Again, manual interven-
tion was needed to detect and remove these species since
Gaussian considered these species to be converged prop-
erly. These “exploded dPAHs” were not included in the
database. The final database produced for this paper
thus contains 1550 PAHs and 805 dPAHs. The largest of
Fig. 2.— An example of the “exploding” dPAH structures that
result from optimizing the geometry of species with three (or more)
linearly arranged benzenoids.
TABLE 3
Fractions of PAHs and dPAHs in the database with a
given feature.
Property % of total PAHs % of total dPAHs
Planar 36 52
Non-planar 64 48
Radical 43 0
Non-radical 57 100
Odd #C 43 46
Even #C 57 54
Pericondensed 71 99
Catacondensed 29 1
Hexagons only 100 23
Pentagon containing 0 71
Quadrilateral containing 0 15
which contains 34 carbon atoms.
3. CONTENT OF THE DATABASE: MOLECULAR
STRUCTURES
Our complete and unbiased database of all possible
small PAHs and dPAHs (up to eight benzenoids) allows
for a survey of the general geometries and structures of
the family of PAHs. We studied various notable or in-
teresting properties; a summary table of these results is
given in Table 3.
In the process of optimizing the molecular geometries,
we noticed that deviations from a purely planar structure
are very common for PAHs. In fact, the majority of the
PAHs and about half of the dPAHs were found to be non-
planar. This is somewhat contrary to the typical repre-
sentation in the literature of a PAH being represented as
a planar species. We recognized two different geometric
configurations that result in departures from planarity.
First, we found that deep bay regions or “fjords” (as
shown in Fig. 3) are very common; hydrogen-hydrogen
repulsion in these fjords causes sometimes strong defor-
mations. A second configuration involves pericondensed
regions connected by catacondensed bridges, (see Fig. 3)
which causes a very slight twisting of the molecule along
the bridges. This slight twisting can be thought of as
the two pericondensed regions repulsing each other. It
should also be noted that some larger PAHs have mul-
tiple points of H-repulsion or bridge twisting; this then
introduces stereochemistry in larger PAHs. For the work
presented in this paper, it was assumed that the trans-
twisting was lower in energy than the cis-bending of the
geometries and therefore more important to the overall
spectrum of a species.
About half of the dPAHs also turn out to be non-
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Fig. 3.— Two examples of deformations in PAH structures that lead to non-planarity. (Left) Top and side views of a “fjord” region
(indicated by the red arrows) that results in a very strong deformation. (right) Top and side views of catacondensed bridges between
pericondensed regions result in a slight twisting deformation.
Fig. 4.— An example of the formation of pentagonal rings upon
dehydrogenation of PAHs with fjord regions.
planar. For the dPAHs though, the departure from pla-
narity is due to a different reason since no hydrogen
atoms are available to repulse anymore. For dPAHs in-
stead, it is the formation of pentagonal rings that causes
the non-planarity. A typical example is shown in Fig. 4.
When removing the hydrogen atoms of a regular PAH
with a fjord region, the fjord region closes up into a
pentagonal ring. The more these pentagons were cen-
tral to the molecular structure, the more bowl-like the
dPAHs become. Note though that the formation of a
pentagon does not always result in a non-planar species:
as can be seen from Table 3, only 48% of the dPAHs
are non-planar, whereas 71% contain at least one pen-
tagon. Quadrilateral shapes (i.e. four-membered rings)
also formed in some species, but always in conjunction
with pentagon formation.
It is also interesting to note from Table 3 that there are
very few (∼1%) catacondensed dPAH structures. This
can be explained by two reasons. First, as stated ear-
lier, dPAHs with linear structures are much less stable
than clustered structures (see also the example of ex-
ploding PAHs in Fig. 2). The second reason is more
subtle. When removing the hydrogen atoms from a cat-
acondensed PAH species, often a pentagon forms which
can turn the structure into a pericondensed species.
4. IR SPECTRAL PROPERTIES OF DPAHS
4.1. Calculating IR PAH and dPAH spectra
Our DFT calculations result in the frequencies and in-
tensities of the normal modes of the considered species.
To bring these frequencies in better agreement with ex-
perimental values, we applied a scale factor of 0.951, sim-
ilar to the value used for many species in the NASA Ames
PAH database (Bauschlicher et al. 2010a; Boersma et al.
2014, see e.g.). Generally, these cannot be used to di-
rectly compare to astronomical spectra. As mentioned
before, the excitation of PAHs in an astronomical con-
text is through single-photon excitation followed by flu-
orescent emission of IR photons that cools the molecule
(see e.g. Allamandola et al. 1989; Bakes & Tielens 1994;
Bakes et al. 2001a,b). A realistic model spectrum for an
astronomical PAH would thus require detailed knowledge
of the frequencies and intensities of all transitions aris-
ing from vibrationally excited states, in addition to the
anharmonic couplings between the modes. In practice,
this information is not readily available for each individ-
ual PAH species, and thus several approximations need
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Fig. 5.— The average spectrum of all PAHs in our database (red)
compared to the average spectrum of all dPAHs (blue).
to be made. One such approximation is to use the ther-
mal approximation (see e.g. d’Hendecourt et al. 1989) in
which the state of the molecule is described by its inter-
nal “temperature” – the average energy per vibrational
mode. At any given temperature, the IR emission scales
with a Planck function at that temperature; in essence,
a full fluorescence calculation then follows the evolution
of the internal temperature and the corresponding emis-
sion over the different IR active modes. Such calculations
thus provide the scale factors that have to be applied to
the different band intensities to account for how much
time is spent at what temperature. One then further-
more has to assume a line profile for each of the transi-
tions to obtain a full IR spectrum (for a full description of
such models, see the Appendix in Boersma et al. 2014).
A full cascade IR model calculation of the spectra of
PAHs and dPAHs would certainly also be the best for our
purposes here. However, such calculations are computa-
tionally expensive given the large number of species in
our database. Moreover, since our main purpose is to find
characteristic spectral feature for dPAHs, we are less con-
cerned with relative intensities than with peak positions.
Thus, we followed instead a much simpler approach and
scaled the intensities by multiplying them with a black-
body of a fixed temperature of 500 K. This corresponds
to the assumption that the full fluorescence cascade can
be reproduced by a single “characteristic” temperature,
and that that temperature is the same for all species.
The latter assumption most certainly does not hold: in-
deed, smaller PAHs have less vibrational modes and thus
a higher temperature (energy per mode) for a given UV
absorption than larger PAHs. Thus, our approach will
somewhat underestimate the emission of smaller PAHs at
short wavelengths. For our purposes here, we are mainly
interested in the frequencies of the features rather than
their intensities; therefore, this is an acceptable default.
A gaussian profile with a linewidth of 5cm−1 was chosen.
4.2. Spectral characteristics of dPAHs
We now turn our attention to investigating the typi-
cal spectral features of dPAHs. To characterize the fea-
tures that distinguish a typical dPAH spectrum from a
PAH spectrum, we first produced the average spectrum
Fig. 6.— Cumulative spectra of dPAHs as a function of size.
At the bottom are the spectra of the smallest species (color coded
red); we cumulatively added the spectra of ever larger species and
changed the color to blue. Careful analysis of the features in this
plot can discriminate between features that are common to all
dPAHs and features that originate mainly from smaller or larger
species.
(arithmetic mean) of all PAHs and that of all dPAHs,
and visually compared them for any features of interest
(see Fig. 5). To further distinguish how size might in-
fluence spectral features, we also produced color-coded
cumulative spectra in Fig. 6.
From a close comparison of the average PAH and dPAH
spectra, we find notable dPAH features at 5.2µm, 5.5µm,
and 10.6µm, as well as a broad, structured emission for-
est from ∼16–30µm with its strongest feature at 19µm.
These features are absent in the average PAH spectrum,
and are thus a first indication that they may represent
diagnostic features to recognize a population of dPAHs in
astronomical spectra. Our findings compare well to the
results by Bauschlicher & Ricca (2013) who also found a
5.25µm feature and emission in the 15-25µm region they
attribute to neutral (large) dPAHs.
It is interesting to note that features of the for-
est (i.e. emission between 15-30µm) appear to follow
a broad, somewhat gaussian-like distribution centered
around 20µm. Note however that individual species do
not show this distribution but have a small number of
discrete bands. From Fig. 6 it can be seen that as larger
species are added to the average spectrum, some of the
features in this forest grow in prominence and are not
washed out. This suggests that even some of the fea-
tures in this forest may have diagnostic power. Another
interesting point is that the strongest feature of the forest
is at 19µm; from Fig. 6, it furthermore appears that this
feature becomes more prominent than the other forest
features for the larger dPAHs. In recent years, emission
at this wavelength in astronomical observations has been
attributed to fullerenes, but our work shows that a fea-
ture at that wavelength may also be due to a family of
dPAH-like species.
One could argue that the average dPAH spectrum from
our database may not be a good representation of what
could be expected in space. Indeed, physical conditions
may favour a subclass of species with spectral proper-
ties that are somewhat different from the average. Thus,
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it may be more appropriate to consider as a diagnos-
tic the transitions that are most common among species,
i.e. that occur most frequently in our database. We
thus studied the transition recurrence by creating his-
tograms of the fraction of species with a transition at a
given wavelength. We did this for both PAH and dPAH
species, and used a bin size of 0.1µm. To distinguish
between weak and strong transitions, we further applied
three different intensity cut-offs to our list of transitions
before creating the histogram. The three histograms we
thus obtained for PAHs and dPAHs are shown in Fig. 7.
The top histogram in Fig. 7 represents essentially no
cut off and shows that both PAHs and dPAHs have
frequent transitions over the entire wavelength range.
There are three clear differences overall between PAHs
and dPAHs: (i) all PAHs have a transition at 3.3µm cor-
responding to the C-H stretching mode; understandably,
none of the dPAHs shows this transition. (ii) dPAHs
show transitions around 5.5µm where none of the PAHs
have transitions. In fact, it turns out that all of the
dPAH species have at least one transition near 5.5µm.
(iii) dPAHs have many more transitions at the longer
wavelengths; this is notable from about 16µm onward.
When removing the weakest transitions from the
database by increasing the intensity cut-off (middle
histogram), these differences between PAHs and dPAHs
remain and the long-wavelength dPAH transitions are
even more pronounced. Additionally, two clear regions
become apparent where many dPAHs have medium
or strong transitions, but the regular PAHs don’t:
an emission feature at 10.6µm and a second one at
19µm. Keeping only the strongest transitions (bottom
histogram) we find a histogram that is very similar to
the average dPAH spectrum in Fig. 5, but not so for the
PAHs. The regions of the typical dPAH spectra that
were shown earlier to stand out from a typical PAH
spectra also remain present.
Thus, both from a comparison of the average PAH
and dPAH spectra, and from the histogram analysis we
reach the same conclusion: we would expect that a pop-
ulation of (small) dPAHs would be spectroscopically de-
tectable by their features at 5.5µm, 10.6µm, 19µm and
a continuum-like ’forest’ of individual features roughly
between 16-30µm.
4.3. Correlation analysis
We also addressed the question how “characteristic”
the average dPAH spectrum is. To this end, we calcu-
lated the linear Pearson correlation coefficient between
each of the individual PAH spectra and the average PAH
and dPAH spectra, and a similar exercise was carried
out for the individual dPAH spectra. We calculated the
correlation coefficient over the range 5–20µm in order to
exclude some of the most obvious differences (such as the
3.3µm PAH feature and much of the 16-30µm dPAH fea-
tures). The resulting correlation coefficients are shown
in Fig. 8.
We found that generally, individual PAH spectra corre-
late rather well with the average PAH spectrum with an
average correlation coefficient of 0.74, with only a fairly
modest spread (the majority lies between 0.6 and 0.95).
Thus, most individual PAH spectra look fairly similar.
This is not so for the dPAH spectra with an average cor-
Fig. 7.— Histograms representing the occurrence frequency of
transition for PAHs and dPAHs in our database. (top) All transi-
tions – essentially no intensity cut-off is applied. (middle) Medium
and strong transitions only. (bottom) Strong transitions only.
relation coefficient of only 0.37 between the individual
dPAH spectra and the average dPAH spectrum. More-
over, there is a much larger spread (with most dPAHs
having a correlation coefficient roughly between 0.2 and
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Fig. 8.— The linear Pearson correlation coefficients of individual
PAH (gray) and dPAH (black) spectra with respectively the aver-
age PAH spectrum (horizontal axis) and average dPAH spectrum
(vertical axis).
0.75). Thus, dPAH spectra tend to be much more dif-
ferent from one species to the next. Consequently, it is
much harder to “characterize” a typical dPAH spectrum.
Referring back to the molecular structures of PAHs and
dPAHs this difference can be attributed to the fact that
while PAHs tend to be constructed of hexagons that de-
viate very little from each other, dPAHs are constructed
of deformed hexagons that differ greatly from one species
to the next, as well as internally to a given species. This
effect is most prominent in the lower energy transitions,
and is likely the cause of the 16-30µm continuum. It was
found that each species has an almost unique signature
in this region. But clearly, these deformations leave their
mark in the C-C stretch region as well. These features
could provide clues as to which species are present in
space, and possible lead to a detection of a single species.
The dPAH and PAH spectra created for this paper will
soon be available in the NASA AMES PAH database for
others to make use of.
Finally, we considered the correlations between indi-
vidual PAH spectra and the average dPAH spectra, and
vice versa. It is immediately clear from Fig. 8 that the
two groups of spectra are very different. Indeed, the cor-
relation plot clearly shows two clusters: one corresponds
to the PAH spectra; the other to the dPAH spectra.
None of the PAH spectra correlates well with the av-
erage dPAH spectrum, and similarly none of the dPAHs
correlates well with the average PAH spectrum. Thus,
PAHs and dPAHs are spectroscopically very distinct!
We carried out a similar analysis for the other sub-
classes in table 3; however, we could not find any sig-
nificant spectroscopic diagnostic for any of those other
subclasses.
5. A SEARCH FOR INTERSTELLAR DPAHS
Our analysis above suggests that if a population of
dPAHs is present in interstellar environments, we might
be able to detect their characteristic spectral features
near 5.5µm, 10.6µm and 19µm, and as structured con-
tinuum emission at longer wavelengths. It is very difficult
in the best case to establish the latter type of emission.
Fig. 9.— A HST image of NGC7023 with the apertures used in
this paper (red boxes) and the extraction region used by Berne´ &
Tielens (2012). The illuminating star, HD200775, is indicated by
a circle.
At the same time, a feature at 19µm could also be due
to fullerenes. At the shorter wavelengths, PAH features
are known at 5.25 and 5.7 µm and those have been at-
tributed to combination bands (Boersma et al. 2009).
Thus, it seems that the feature near 10.6µm might offer
the best prospects to search for dPAHs. Note however
that also here, there might be some confusion since Berne´
et al. (2013) recently reported a feature at 10.53µm (with
a FWHM of 0.11µm) in a spectrum of NGC 7023 that
they attribute to emission of C+60.
NGC 7023 is in fact an ideal object to search for dPAH
features for a variety of reasons. A large amount of high-
quality IR observations is available for this object (see
below), and these data have already been studied in de-
tail in terms of PAHs and fullerenes (see e.g Sellgren
et al. 2007, 2010; Berne´ & Tielens 2012; Berne´ et al.
2013; Boersma et al. 2013). Of particular interest here
is the work by Berne´ & Tielens (2012) who studied vari-
ations in the IR spectra as one moves from the PDR to
regions much closer to the illuminating star HD 200775.
In the PDR, far away from the star, the spectrum shows
very strong emission from PAHs and no evidence for
fullerenes. Approaching the central star though, Berne´
& Tielens (2012) find that the abundance of PAHs de-
creases, while that of C60 increases. They argue that
fullerenes form from large PAHs (∼70 C atoms) that
become dehydrogenated by UV radiation, subsequently
close up and shrink down to become C60. Thus, large
dPAHs are explicitly suggested as an intermediate step
in the formation of fullerenes. However, smaller PAHs
could also become fully dehydrogenated at even lower
doses of UV radiation. Thus, dPAHs may be formed
over a much larger area than only between the PAHs
and the fullerenes. If enough of these dPAHs survive for
long enough, they might be detectable.
A large amount of IR spectroscopic observations of
NGC 7023 were carried out by the IRS spectrograph
(Houck et al. 2004) on board the Spitzer Space Tele-
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Fig. 10.— The six Spitzer-IRS SH spectra for NGC 7023 as a function of increasing distance to the illuminating star, corresponding to
the apertures shown in Fig. 9. We smoothed the spectra with a 3 pixel wide boxcar average and we have offset them for clarity using the
offsets indicated in the legend. The dotted lines redward of 16µm are least absolute deviation fits to the local continuum for each spectrum.
The dotted line at 10.68µm marks the center of a very weak emission feature (best seen in positions 2 and 3) in the wing of the 11.0 µm
PAH band. The inset shows a close-up of this wavelength range, where the dotted lines now represent a spline fit through the wing of the
11.0µm PAH band, used to extract the much weaker 10.68µm feature (see text for details).
scope (Werner et al. 2004). Here, we use primarily the
high-resolution spectra taken with the Short-High (SH)
module covering the wavelength range 10–19µm at a re-
solving power of R ∼ 600 (AOR 3871232). We will
also include some discussion about the low-resolution
spectra taken with the Short-Low (SL) module cover-
ing the wavelength range 5.2–14µm(AORs 3871488 and
3871744). We did not apply background subtraction. We
cleaned the data using cubism’s automatic bad pixel gen-
eration with σTRIM = 7 and Minbad-fraction = 0.5 and
0.75 for the global bad pixels and record bad pixels. We
have extracted spectra corresponding to 6 different posi-
tions throughout the nebula at increasing distances from
the illuminating star (see Fig. 9). The chosen positions
are comparable to those by Berne´ & Tielens (2012, their
extraction regions are also shown in Fig. 9).
The full 10–19µm spectra (Fig. 10) reveal the same
overall spectral variations that were described by Berne´
& Tielens (2012): strongest PAH emission in position 6
(furthest away from the illuminating star), and gradu-
ally less PAHs and more fullerenes (17.4µm and 18.9µm
bands) toward position 1. Close inspection of this figure
reveals a very weak feature near the predicted wavelength
of 10.6µm (centered at 10.68µm, indicated with the dot-
ted line), most clearly seen in the spectra corresponding
to positions 2 and 3. To extract this feature, we need
to somehow estimate the “local continuum”, i.e. the un-
derlying contribution of the wing of the 11.0µm feature.
To do so, we first defined a set of 7 anchor points in the
spectrum of position 2 between 10.0 and 10.95µm, but
excluding the range 10.5–10.8µm where the feature is lo-
cated. A cubic spline through these anchor points then
represents an estimate of the local continuum. We then
fixed the wavelengths of these anchor points but itera-
tively allowed their flux values to vary to find the cubic
spline that provides the best fit to the spectrum in this
range (but still excluding the 10.5–10.8µm range). We
then did the same for the remaining positions, always us-
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Fig. 11.— The spectra of NGC 7023 (smoothed as in Fig. 10, and
offset) after subtracting the cubic spline fit to represent the wing of
the 11.0µm feature (dotted line in the inset of Fig. 10). The feature
centered at 10.68µm (indicated by the right dotted line) is clearly
present in positions 2–6, but absent in position 1. An additional,
much narrower emission feature centered at 10.53µm (indicated by
the left dotted line) appears in positions 5 and 6. The dashed lines
indicate the zero-point level for each spectrum.
ing the same 7 fixed wavelengths as anchor points. The
resulting curves are shown as dotted lines in the inset of
Fig. 10. They are smooth, contain no spectral structure,
and seem to correspond well to what might be the wing
of the 11.0µm feature. We are thus confident that this
is a reasonable approximation to the spectrum under the
weak 10.68µm feature. However, we realize that there is
a fair amount of uncertainty in this determination.
Fig. 11 shows the resulting 10.1–10.9µm spectra af-
ter subtraction of this local continuum. The feature at
10.68µm is now very clearly visible in the spectra of posi-
tions 2–6, but absent in position 1. It is also interesting
to note that in positions 5 and 6, an additional, even
weaker emission feature is superposed on the spectrum,
with a central wavelength of 10.53µm. This coincides
with the reported wavelength of a weak feature (with a
peak height of ∼6 MJy sr−1) that was associated with
C+60 by Berne´ et al. (2013) in a spectrum of NGC 7023
very close to the central star. We do not find evidence
for such a feature in our position 1 spectrum (where we
would expect it) but surprisingly at the positions furthest
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Fig. 12.— The spectra of NGC 7023 (smoothed as in Fig. 10,
and offset) after subtracting the linear fit to the continuum (the
dotted lines in Fig. 10). The dashed lines indicate the zero-point
level for each spectrum.
away from the star, and much stronger than the feature
reported by Berne´ et al. (2013). It is also slightly nar-
rower than the reported C+60 feature. Where the 10.68µm
feature is present, it appears roughly the same in terms of
width, shape and overall (absolute) strength. In contrast,
the intensity of the PAH emission increases by about a
factor of 10 between positions 1 and 6 (see Fig. 10). The
width of the feature (FWHM of about 0.2µm) is compa-
rable to e.g. the 11.2 or 16.4 µm PAH features. It it thus
possible that the 10.68µm is indeed the weak emission of
a population of dPAHs.
If dPAHs are responsible for the 10.68µm feature, they
should also emit at other wavelengths. We first consid-
ered the 19µm region. It is clear from Fig. 10 that a
well-defined emission band is present in the spectra of
positions 1–3; there is a hint though of weaker emission
in the other positions as well. To better evaluate this
possibility, we fitted a least-absolute-deviation straight
line to the continuum longward of 16µm, excluding the
wavelength ranges of PAH and C60 features (see Fig. 10).
While this may not the best possible representation of
the local continuum, it ensures that we do not introduce
any artificial features in the spectrum. Fig. 12 shows
the resulting continuum-subtracted spectra in this wave-
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length range. This figure now more convincingly shows
that weak excess emission at 19µm also appears at the
other positions. While a 19µm feature could be due to
C60, this is not likely the case for the emission we see
at all positions in NGC 7023. Indeed, if the emission
at 19µm is due to C60, there should also be associated
features at 7.0, 8.6 and 17.4µm. Unfortunately, there is
severe blending with other PAH features, most notably
the strong 8.6µm and the 17.4µm PAH bands. However,
from inspecting the SL spectra, we can clearly see the
7.0µm C60 feature in the wing of the 7.7µm PAH band
at position 1, and weakly also in position 2; not in the
other positions. It may thus well be that some of the
19µm emission we see is due to dPAHs. Finally, we also
studied the SL data around the 5.5µm region. We did
not find evidence for an emission feature at 5.5µm – if
any, they would be even weaker than the already fairly
weak 5.25 and 5.7µm PAH bands. This is in line with
expectations though: also in our average spectrum, the
5.5µm band is a few times weaker than the 10.6µm band
(see Fig. 5).
6. DISCUSSION
Several authors have presented detailed theoretical
studies on hydrogenation and dehydrogenation of inter-
stellar PAHs (Allain et al. 1996; Vuong & Foing 2000; Le
Page et al. 2001; Montillaud et al. 2013). These stud-
ies show that interstellar PAHs are generally either fully
hydrogenated, or fully dehydrogenated; intermediate hy-
drogenation states can only exist over a very small range
in physical conditions (typically measured by nH/G0).
This is a consequence of the fact that more dehydro-
genated PAHs are less photostable; thus, once the first
H atom is removed, it becomes easier to remove the
next. The hydrogenation balance furthermore also de-
pends critically on the size of the PAHs. Indeed, larger
PAHs are less susceptible to H loss than smaller PAHs
since they can more easily dissipate the absorbed UV
energy. Thus, given the physical conditions, there is a
critical PAH size: PAHs smaller than this critical size
will be rapidly stripped of their hydrogen atoms; larger
PAHs will remain fully hydrogenated. There may be
some discussion about where precisely this size limit is.
For NGC 7023 for instance, Berne´ & Tielens (2012) find
a critical size of about 60 carbon atoms in the PDR
where PAH emission dominates, and about 70 carbon
atoms closer to the star where C60 is located. However,
Montillaud et al. (2013) find that even in the PDR (of
NGC 7023), these PAHs are fully dehydrogenated.
There is thus little doubt that a considerable amount
of PAH molecules becomes fully dehydrogenated in in-
terstellar environments. However, these dPAHs are then
expected to further undergo photodissociation, fragmen-
tation, and isomerization. Thus, it is not expected that a
large population of dPAHs could exist in the interstellar
medium. Also Malloci et al. (2008) concluded that there
can only be at most a small population of fully dehydro-
genated species in the ISM since dPAHs would otherwise
leave a clear imprint on the UV extinction curve.
If the emission at 10.68µm and 19µm that we observe
in NGC 7023 is indeed due to dPAHs, it implies that
there is a small, but observable population of fully dehy-
drogenated PAH molecules in these environments. This
could reflect that dPAHs survive just long enough, or
alternatively could point to a subpopulation of dPAHs
that are more hardy and withstand radiation more eas-
ily than others. It is puzzling though that the strength
of the 10.68µm feature is so constant from position 2
to position 6 while the PAH bands at the same time
change in intensity by a factor of 10. It appears as if
the changing physical conditions (nH, G0) have little to
no effect on the emitting population until reaching po-
sition 1 where the dPAHs disappear. Most likely this
represents the position where even the hardiest species
photodissociate; alternatively, this is where they isomer-
ize into cages and develop into fullerenes. If this is the
case, the fullerenes likely form from smaller cages (since
smaller dPAHs at this point are more abundant due to
fragmentation) rather than from larger PAHs. Position
1 could then represent the point were the conditions are
energetic enough for close network growth (CNG) and
isomerization into C60 to complete.
7. SUMMARY & CONCLUSIONS
We have studied the IR spectroscopic properties of
fully dehydrogenated PAH molecules. We have created
a complete database of fully optimized PAH structures
for species with up to eight benzenoid rings, and their
fully dehydrogenated counterparts. The majority (64%)
of the PAHs and about half of the dPAHs in our database
turn out to be non-planar. Upon dehydrogenation, most
(71%) dPAHs develop pentagons in their carbon skele-
ton. We then calculated the frequencies and intensities
of the normal modes for all species in our database and
analyzed their spectra. We found that dPAHs character-
istically exhibit features at 5.5µm, 10.6µm and 18.9µm
in addition to a forest of weaker features in the 16–30µm
range that appear as structured continuum emission. We
searched for these features in spectra of the well-studied
reflection nebula NGC 7023, corresponding to various
positions with changing physical conditions and hence
different emission characteristics. We detect weak emis-
sion at 10.68µm in 5 out of 6 positions; this emission
is furthermore accompanied by emission at 19µm that
we see at all positions. We tentatively see this as evi-
dence for a small population of emitting dPAHs in these
environments. These emission characteristics disappear
closest to the illuminating star, where C60 has been de-
tected. This suggests that C60 could indeed form from
dPAHs, but it appears more likely that they form from
smaller dPAHs rather than from larger species.
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